In eukaryotes, together with the Mre11/Rad50/Xrs2 (or Nbs1) complex, a family of related protein kinases (the ATM family) is involved in checkpoint activation in response to DNA double-strand breaks. In Saccharomyces cerevisiae, two members of this family, MEC1 and TEL1, have functionally redundant roles in DNA damage repair. Strains with mutations in their mec1 as well as mre11 genes are very sensitive to DNA damaging agents, show defective induction of damageinduced cell-cycle checkpoints, and defective damage-induced homologous recombination. However, the fact that both the mec1Δ and mre11Δ strains exhibit the spontaneous hyper-recombination phenotype is paradoxical in light of the homologous recombination defects in these strains. In this study, we constructed yeast mec1, tel1, and mre11 null mutations and characterized their genome stability properties. Spontaneous and methylmethane sulfonate (MMS)-induced point mutations, base-substitutions, and frameshifts occurred to an almost equal extent in the wild-type, mec1Δ, tel1Δ, and mre11Δ strains. Thus, Mec1, Tel1, and Mre11 do not play roles in the point mutation response. We then found that the mec1Δ, mre11Δ, and mec1Δ tel1Δ strains demonstrated increased rates of spontaneous loss of heterozygosity (LOH), which includes crossover, gene conversion, and chromosome loss, compared with the wild-type strain. In the tel1Δ strain, the rate of spontaneous LOH was as low as that in the wild-type strain. Finally, no induction of LOH by MMS was observed in the mec1Δ, mre11Δ, or mec1Δ tel1Δ strain; however, it was detected in the wild-type and tel1Δ strains upon exposure to MMS. The elevated level of spontaneous LOH but not MMS-induced LOH in the mec1Δ, mre11Δ, and mec1Δ tel1Δ strains suggests the presence of high levels of spontaneous recombinogenic DNA damage, which differs from the damage induced by MMS treatment, in these strains.
INTRODUCTION
Genomic integrity is critical to the survival and propagation of all cellular organisms. The genome is subject to various types of DNA damage caused by exogenous agents, such as ionizing radiation and radiomimetic chemicals, or endogenous agents, such as reactive radicals and stalled replication forks. Once these lesions are detected, full activation of signal transduction pathways, known as surveillance mechanisms or DNA damage checkpoints, leads to transcriptional activation of the DNA damage response, temporary cell-cycle arrest, and the activation of DNA repair (Elledge, 1996) .
Large protein kinases from the phosphoinositide-3-kinase like protein kinase family play key roles in DNA damage response pathways (Shiloh, 2003) . They include ATM (ataxia-telangiectasia mutated) and ATR (ATM and Rad3-related) in mammals and Tel1 and Mec1 in S. cerevisiae (Kato and Ogawa, 1994; Weinert et al., 1994; Greenwell et al., 1995; Morrow et al., 1995) . In human cells, both ATM and ATR play important roles in the DNA damage response; on the other hand, in yeast, Mec1 is the major checkpoint kinase while Tel1 acts redundantly with Mec1 and plays a minor role in most DNA damage Edited by Hiroshi Iwasaki * Corresponding author. E-mail: yamamot@m.tains.tohoku.ac.jp † The order of the first three authors is arbitrary responses (Morrow et al., 1995; Greenwell et al., 1995; Sanchez et al., 1996) .
Together with Mec1 and Tel1, the Mre11/Rad50/Xrs2 (MRX) complex in yeast and the Mre11/Rad50/Nbs1 (MRN) complex in mammals are also involved in the DNA damage response (Usui et al., 2001; Grenon et al., 2001 Grenon et al., , 2006 Nakada et al., 2004) . Activation of Tel1-MRX (ATM-MRN) checkpoint function appears to depend on unprocessed DNA double-strand breaks (DSBs) (Usui et al., 2001; Uziel et al., 2003) , while that of Mec1-MRX (ATR-MRN) appears to depend on resected DSBs (Nakada et al., 2004; Jazayeri et al., 2006) . Mutations in the components of the Tel1/Mec1-MRX (ATM/ATR-MRN) pathway result in hypersensitivity to DNA damaging agents; defective induction of the G1/S, intra-S, and G2/ M cell-cycle checkpoints; and homologous recombination, and, in higher organisms, a predisposition to cancer (Stewart et al., 1999; Shiloh, 2003; Taylor et al., 2004; Lavin, 2008; Cimprich and Cortez, 2008) . Nevertheless, deficiencies in yeast Mec1 and Mre11 result in the hyperrecombination phenotype (Ajimura et al., 1993; Kato and Ogawa, 1994) , indicating that the mec1 and mre11 mutant strains do not abrogate homologous recombination.
Yeast mec1 mutant strains are proficient in spontaneous recombination (Craven et al., 2002) and ultraviolet (UV)-induced recombination but deficient in x-ray-induced homologous recombination (Fasullo and Sun, 2008) . Yeast mre11 mutant strains are proficient in spontaneous recombination and UV-induced recombination (Johzuka and Ogawa, 1995) but deficient in x-ray-or MMS-induced recombination . In the absence of yeast Rad50, a component of the MRX complex, UV radiation can efficiently induce recombination but MMS cannot (Tomizawa et al., 2007) . X-rays (and MMS is also assumed to) induce DSBs; on the other hand, UV induces mainly pyrimidine dimers and 6-4 photoproducts but not DSBs (Kupiec, 2000) . Thus, with regard to the DNA (Ohnishi et al., 2004; Daigaku et al., 2004 Daigaku et al., , 2006 . The diploid cells are heterozygous for the mutagenic target CAN1. In haploid cells, point mutations such as base substitutions and frameshifts inactivate CAN1, leading to Can R colonies;
whereas, in the diploid heterozygous state, interchromosomal recombination, including gene conversions and crossovers, and chromosome loss can lead to Can R , and this process is referred to as loss of heterozygosity (LOH). Using the yeast assay system, we examined the roles of Mec1, Tel1, and Mre11 in genome stability. We showed that the mec1 and mre11 mutations are associated with a high rate of spontaneous recombination and chromosome loss but not increased rates of MMS-induced recombination or chromosome loss. We further showed that the mec1, tel1, and mre11 mutations do not have any effects on spontaneous or MMS-induced point mutations.
MATERIALS AND METHODS

Reagents and chemicals
The enzymes and reagents used for the DNA manipulation were purchased from TaKaRa (Kyoto, Japan) and Applied Biosystems (Foster City, CA). MMS was purchased from Nakarai tesque (Osaka, Japan).
Yeast strains All the strains used in this study, which are listed in Table 1 , are derivatives of haploid YAS101 (MATα can1Δ::LEU2 ade2-1 lys2-1 ura3-52 leu2-3,112 his3-Δ200 trp1-901) or YAS107 (MATa ade2-1 lys2-1 ilv2 ::ADE2) . Disruption of TEL1 and MRE11 was performed by PCR amplification of the KANMX gene from the pFA6a-kanMX4 plasmid (Wach et al., 1994 (Wach et al., , 1997 . MEC1 is an essential gene, but double-mutant mec1 sml1 strains are viable (Zhao et al., 1998) . PCRamplified TRP-1 was used to construct the mec1Δ::TRP-1 allele and that of URA3 was used to construct the sml1Δ::URA3 allele. Strains containing the sml1, mec1, tel1, or mre11 mutation were made by introducing the sml1Δ::URA3, mec1Δ::TRP-1, tel1Δ::KANMX4, and mre11Δ::KANMX4 DNA fragment, respectively, into YAS101 and YAS107. Disruption of SML1, MEC1, Fig. 1 . Can R mutation frequencies in the haploid wild type, mec1, tel1, mre11, and mec1 tel1 strains after MMS treatment. The haploid strains used included wild-type (circle, YAS107), mec1Δ (diamond, NUN107), tel1Δ (triangle, SMS107), mre11Δ (square, SUZ107), and mec1Δ tel1Δ (pentagon, SMS207) strains. Log phase cells were exposed to MMS at 30°C for 17 h and then plated on SC + 2.5 μg/ml of Can in order to measure the Can R mutation frequency, and the appropriate dilution was plated on YPD to measure viability. Survival is shown as the number of CFU after MMS/number of CFU before treatment. TEL1, or MRE11 was confirmed by PCR analysis.
The diploid strains were made by mating MATα and MATa. The presence of the heterozygous can1Δ::LEU2/ CAN1 allele was confirmed by PCR .
Media
The rich medium (YPD) and synthetic complete (SC) medium used were prepared as previously described . When indicated, 10 μg/ml of adenine sulfate, 20 μg/ml of uracil, and 30 μg/ml of amino acids were added to the SC medium. When necessary, canavanine (Can; SIGMA) was included in the SC medium at 2.5 μg/ml for haploid cells and 25 μg/ml for diploid cells.
MMS treatment and selection of Can R mutants
For the haploid strain YAS107 (and the mec1, tel1, tel1 mec1, and mre11 derivatives) and the diploid strain NUN170 (and the mec1/mec1, tel1/tel1, tel1 mec1/tel1 mec1, and mre11/mre11 derivatives), 0.5 ml (< 10 4 cells) of an overnight culture was inoculated into 5 ml of SC and grown to an OD660 of 0.7 to 1 at 30°C. Fig. 2 . Can R mutation (LOH) frequencies in the diploid wild type, mec1, tel1, mre11, and mec1 tel1 strains after MMS treatment. The diploid strains used included the wild-type (circle, YAS170), mec1Δ (diamond, NUN170), tel1Δ (triangle, SMS170), mre11Δ (square, SUZ170), and mec1Δ tel1Δ (pentagon, SMS270) strains. Log phase cells were exposed to MMS at 30°C for 17 h and then plated on SC + 25 μg/ml of Can in order to measure the Can R mutation frequency, and the appropriate dilution was plated on YPD to measure viability. Survival is shown as the number of CFU after MMS/number of CFU before treatment. deletion), or Ade -Lys -(chromosome loss) (Ohnishi et al., 2004; Daigaku et al., 2004; Rhenimi et al., 2008) (also see Fig. 3 ) after incubation at 30°C for 2-4 days.
RESULTS
Mutation frequency of haploid yeast against MMS MMS efficiently induced Can S to Can R mutations in the haploid mec1Δ, mre11Δ, and tel1Δ strains (Fig.  1a) . Spontaneous and MMS-induced Can S to Can R mutations occurred with almost equal frequency in all of the haploid strains used. We previously observed that almost all of the spontaneous Can R mutation events in the haploid cells were point mutations including base substitutions and frameshifts (one or several base insertions/ deletions) (Ohnishi et al., 2004) . It was therefore concluded that Mec1, Tel1, and Mre11 do not play roles in the spontaneous and MMS-induced point mutation mutagenesis response. Previously, Craven et al. (2002) demonstrated that the mec1Δ tel1Δ double mutant strain had strong (50 to 200 fold) deletion mutator effects over the wild-type strain. Under our experimental conditions, however, in which the Can concentration was 2.5 μg/ml, the mec1Δ tel1Δ double mutant strain did not survive. The mec1Δ and mre11Δ strains were sensitive to MMS; on the other hand, the tel1Δ strain was as resistant to MMS as the wild-type strain (Fig. 1b) . The mec1Δ tel1Δ strain was the most sensitive to MMS, suggesting the redundant roles of Tel1 and Mec1 in the DNA damage response.
Mutation frequency of diploid yeast cells against MMS The spontaneous Can
S to Can R mutation (LOH) frequency in the diploid mec1Δ and mre11Δ strains was 4.54 × 10 -3 and 8.74 × 10 -3 , respectively, which was 25-fold and 49-fold higher, respectively, than that in the wild-type strain (1.79 × 10 -4 ). However, that in tel1Δ was 0.92 × 10 -4 ; i.e., essentially the same mutation frequency as that seen in the diploid wild-type strain (Fig. 2a) In the diploid cells, the mec1Δ, mre11Δ, and mec1Δ tel1Δ strains were sensitive to MMS. The tel1Δ strain was as resistant to MMS as the wild-type strain (Fig. 2b) .
Characterization of Can R mutants in diploid strains
As mentioned previously, the Can R mutation frequency was 100-fold higher in the diploid than in the haploid wild-type strain (Ohnishi et al., 2004; Figs. 1a and 2a) . The mutation frequency also differed between the diploid and haploid pairs of the mec1Δ, mre11Δ, and tel1Δ strains (Figs. 1a and 2a ). In the haploid cells, point mutations such as base substitutions or frameshifts in the CAN1 gene are involved (Ohnishi et al., 2004) ; whereas, in the diploid heterozygous state, any genetic alteration that functionally inactivates the CAN1 allele can lead to Can R (Ohnishi et al., 2004) . We thus wanted to classify the Can R diploid mutants into the 3 categories shown in Fig. 3 . Two points concerning this assay should be mentioned. 1). The Can R Ade + Lys + strain can arise as a consequence of gene conversion as well as a mutation in the wild-type CAN1 gene, and the Can R Ade + Lys -strain can arise as a consequence of crossover as well as a deletion in the chromosome containing the wild-type CAN1-Lys2 region. Since the mutation and deletion frequencies are more than two orders of magnitude less than the observed LOH frequencies (Ohnishi et al., 2004) , the contribution of these mechanisms is negligible. 2). The Can R Ade -Lys + strain is not expected to occur at high levels since it is associated with a non-disjunction.
As shown in Fig. 4 , the spontaneous Can R LOH seen in the wild type and tel1Δ diploid strains involved crossover (Can R Ade + Lys -), gene conversion (Can R Ade + Lys + ), and chromosome loss (Can R Ade -Lys -) in that order. The mutation frequencies of each event in the two strains were almost identical. In the mec1Δ and mre11Δ strains, the frequencies of spontaneous gene conversion and crossover, and chromosome loss events were increased 10 to 100-fold over those in the wild-type strain. Among these three events, the frequency of chromosome loss was increased to a much higher extent than the other two events in the mec1Δ and mre11Δ strains compared to the wild type strain. In the tel1Δ mec1Δ double mutant strain, the relative increases in the three events over their frequencies in the wild-type strain were essentially the same as those seen in the mec1Δ strain. Thus, the mec1Δ and mre11Δ strains exhibit not only hyperrecombination properties but also high levels of chromosome loss. Crossover, gene conversion, and chromosome loss increased with increasing MMS dose in the wild-type and tel1Δ strains (Fig. 4) . In the mec1Δ, mre11Δ, and tel1Δ mec1Δ strains, on the other hand, none of the events occurred more frequently than the spontaneous level. UV radiation is known to increase recombination in the mec1 (Fasullo and Sun, 2008) and mre11 strains (Johzuka and Ogawa, 1995) . Thus, different from the case for spontaneous DNA damage or UV-induced DNA damage, the MMS-induced DNA damage in the mec1Δ and mre11Δ strains is not recombinogenic or aneugenic, nor does it activate recombination or aneuploid-forming processes.
DISCUSSION
Our results indicated the following three points: 1) MRX-MEC1 responds to MMS lesions such as DSBs by activating downstream responses including recombination and chromosome loss, 2) the DNA lesions that induce spontaneous recombination and chromosome loss may not be DSBs, and 3) MRX-MEC1/TEL1 systems do not play any roles in the formation of point mutations.
In the haploid mec1 and mre11 strains, the spontaneous and MMS-induced point mutation frequencies were essentially the same as those in the wild-type strain (Fig.  1a) . We thus argue that the spontaneous and MMSinduced DNA lesions that cause point mutations are formed and repaired in equal numbers in the wild-type, mec1, and mre11 strains. Rattray et al. (2002) demonstrated that translesion DNA polymerase ζ (REV3) is required for introducing DNA strand break repairinduced mutagenesis including both base substitutions and frameshifts. Thus, even in the absence of Mec1 and Mre11, MMS-induced and probably x-ray-induced DNA damage, including DSBs, can efficiently activate translesion DNA polymerase to form point mutations. Elevated levels of spontaneous LOH, including crossover, gene conversion, and chromosome loss, were seen in the diploid mec1 and mre11 strains (Fig. 2a) . On the other hand, MMS did not induce LOH in these strains (Fig. 2a) . We argue that high levels of spontaneous DNA damage occur in the mec1 and mre11 strains and cause LOH. There are two explanations for these elevated amounts of DNA damage. First, the wild-type strains may have intrinsically high levels of spontaneous recombinogenic DNA damage, which are efficiently repaired by a Mec1 and Mre11-dependent mechanism. Second, the mec1 and mre11 strains may suffer a type of DNA damage that is not observed in the wild-type strain. Although both of these mechanisms may contribute to the genome instability observed in the mec1 and mre11 strains, on the basis of the chromosome alterations observed in the Can R mutants, in which the frequencies of all events including crossover, gene conversion, and chromosome loss were increased 20-100 fold in the mec1 and mre11 strains over those in the wild-type strain (Fig. 4) , we favor the first explanation. Craven et al. (2002) previously observed the exclusive increased formation of deletion mutations in the haploid mec1 tel1 double mutant. Based on this observation, they argued that specific DNA damage might occur in mec1 tel1 strains. So, what type of DNA damage could be responsible for the elevated levels of spontaneous LOH in the mec1 and mre11 strains? It has been assumed that elevated levels of DSBs throughout the genome would generate the spontaneous hyper-recombination phenotype in the mec1 and mre11 strains. If this is true, X-rays or MMS should increase the formation of LOH in the mec1 and mre11 strains. However, neither X-rays (Fasullo and Sun, 2008; Bressan et al., 1999) nor MMS (this study) induced gene conversion and crossover. Thus, DSBs may not be the causative lesions of spontaneous recombination in the mec1 and mre11 strains. On the other hand, UV radiation can efficiently induce recombination in these strains (Kato and Ogawa, 1994; Johzuka and Ogawa, 1995; Fasullo and Sun, 2008) . Thus, in the absence of Mec1 or Mre11, DSB signal pathways are impaired but some other pathways, which are sensitive to other lesion inducing mechanisms including UV radiation, are intact. In the absence of X-rays or MMS treatment, there exists a diverse array of DNA damage pathways, among which DSB constitutes a relatively small fraction. Since the mec1 and mre11 strains show deficient damage repair, excess amounts of DNA damage other than DSBs become recombinogenic or activate checkpoint signals, producing a high level of LOH. Furthermore, the presence of a high level of spontaneous DNA damage in the chromosome can delay the G2/M cell-cycle via checkpoint signals other than the Mec1-Mre11 pathway (Grenon et al., 2001 ), thereby providing sufficient time for repair to take place (Painter and Young, 1980) . When the mec1 or mre11 strain is treated with MMS, many DSBs may be formed in the chromosome that do not cause cell-cycle arrest and therefore do not provide sufficient time for recombination.
Concerning chromosome loss, the mec1 and mre11 strains showed a higher frequency of spontaneous chromosome loss than the wild-type strain. Again, MMS did not induce chromosome loss in these strains. Previously, we demonstrated that chromosome loss in S. cerevisiae occurs through G2/M transition arrest via activation of a yeast mitogen activated protein kinase pathway . Thus, we assume that a high level of spontaneous DNA damage in mec1 and mre11 strains causes G2/M transition delay, leading to a high level of chromosome loss. On the other hand, MMS does not cause cell-cycle arrest; therefore, chromosome loss is not induced.
Concerning the role of Tel1, tel1 strains were as resistant to MMS (Figs. 1b and 2b) , MMS-induced mutagenesis effects (Fig. 1a) , and MMS-induced LOH (Fig. 2a) as the wild-type strain. On the other hand, the tel1 mutation potentiates mec1 MMS-sensitivity (Figs. 1b and 2b ) and spontaneous LOH formation (Fig. 2a) . Thus, Tel1 is redundant to Mec1 in the DNA damage response and in spontaneous LOH formation.
